Rhodobacter sphaeroides is a purple nonsulfur photosynthetic bacterium found in nature near the aerobic/anaerobic interface of eutrophic waters (29) . It can grow by aerobic respiration, photosynthesis (in the absence of oxygen), or anaerobic respiration if an external electron acceptor such as dimethyl sulfoxide is available (12) . There is at least one denitrifying strain of R. sphaeroides (27) .
Cytochrome c2 (cyt c2) is a periplasmic heme protein required for photosynthetic reaction center reduction and for one branch of the aerobic electron transport pathway. It is encoded by cycA (10) , which is part of the R. sphaeroides photosynthetic gene cluster (38) . Cyt c2 and cycA-specific mRNA are more abundant in photosynthetically than aerobically grown cells (10) .
We would like to identify cis-and trans-acting factors involved in the regulation of cycA transcription by environmental variables such as oxygen and substrate availability (24) . Previous Northern (RNA) blot analysis of 1.2% agarose gels identified two cycA transcripts, of -920 and 740 nucleotides (nt) (10) . Synthesis of the 740-nt transcript appeared to be constitutive, since approximately the same amount of this transcript was found in photosynthetically and aerobically grown cells. The 920-nt transcript was suggested to be the product of an oxygen-regulated promoter, because it was -7-fold more abundant photosynthetically.
Complementation analysis of a cycA null mutant (CYCAl; 11) showed that sequences 484 bp upstream of cycA were sufficient for transcription, since plasmids including this region complemented CYCAl for photosynthetic growth with wild-type doubling times (4) . cycA transcript levels in the complemented strains were 6-to 12-fold higher than in the wild type. This is most likely due to plasmid copy number, which was estimated at five to nine per cell. The 740-and 920-nt transcripts were present in approximately the same relative amounts in the complemented strains as in the wild type, indicating that promoters for both transcripts are within 484 bp of the translational start site. In addition, a previously undetected cycA transcript of -800 nt was seen in RNA from aerobically grown cells containing a comple-* Corresponding author. menting plasmid. In this study, we have undertaken a more detailed analysis of cycA transcription in both wild-type cells and complemented mutants.
MATERIALS AND METHODS
Bacterial strains and plasmids. R. sphaeroides strains and plasmids used in this study are shown in Table 1 , and the cycA fragments used in construction of the complementing plasmids are shown in Fig. 1 . R. sphaeroides 2.4.1 is a wild-type strain (36) . In CYCA1, a StuI fragment including most of the cyt c2 gene was deleted and a kanamycin resistance gene, Kmr ( Fig. 1; 11 ), was inserted in its place. In C2NS3, a NruI-StuI fragment including most of the cyt c2 structural gene as well as 123 bp of upstream DNA was replaced by a Kmr gene. cycA is transcribed in the same direction as kan in CYCAl and in the opposite direction in C2NS3, as indicated by the arrows below the restriction maps. pRK415 is a broad-host-range cloning vector derived from RK2 (22) . pRK415fQ has a transcription and translation termination cartridge encoding spectinomycin resistance (Q cartridge; 31) cloned into the Hindlll site of the polylinker. pC217FfQH has a 787-bp NsiI-RsaI cycA fragment cloned into the PstI site of pRK415fl, with cycA transcription in the same direction as transcription from the lacZ promoter and the Ql cartridge separating cycA and lacZ transcription. pC2BS1.4 has a BamHI-SstI cycA fragment cloned between the BamHI and SstI sites of pRK415, with transcription in the same direction as lacZ. pC2PH1.6 has a PstI-HindIII cycA fragment cloned in the PstI and HindIll sites in the opposite orientation to lacZ. pC2S2.2F has an SstI cycA fragment cloned into the SstI site in the same orientation as lacZ, and pC2S2.2B has the SstI fragment cloned in the opposite orientation.
Growth of bacteria and genetic techniques. R. sphaeroides strains were grown at 32°C in Sistrom's minimal medium (23, 35) . Escherichia coli strains were grown at 37°C in LB (25) . Antibiotics used for maintenance of plasmids and drug resistance cartridges were tetracycline (10 ,ug/ml in E. coli; 1 ,g/ml in R. sphaeroides), spectinomycin (25 pg/ml), and kanamycin (25 jg/ml).
R. sphaeroides strains were grown chemoheterotrophi- GCACATGCCCTCTGCCCGAGCTTCGCGCGCGTCCGCCCCGGGTCGCCGTTCGGGCGTGGG . 
growth-inhibitory products by photooxidation (16) . Cell growth was measured and cells were harvested and fractionated as previously described (10 (3a) . DNA sequence analysis was performed with the sequence analysis software package of the University of Wisconsin Genetics Computer Group (7) .
Northern blots. RNA was isolated and glyoxylated as previously described (42) 11 .5 to 15% gradient sodium dodecyl sulfate-polyacrylamide gel, transferred to nitrocellulose, probed with rabbit anti-c2 antibody, and quantitated as previously described (4) . Values shown were calculated as densitometer units per log micrograms of protein and are averages of at least six determinations. The soluble fraction of aerobically grown 2.4.1 or photosynthetically grown C2NS3(pC2PH1.6) was used as a standard.
Nucleotide sequence accession number. The sequence presented in this report has been assigned GenBank accession number M64777. RESULTS DNA sequence upstream and downstream of the cyt c2 structural gene. The DNA sequence of a BamHI-StuI fragment including the entire cyt c2 structural gene as well as 106 bp of upstream DNA has been published (10) . We have sequenced an additional 377 bp upstream and 612 bp downstream (Fig. 2) .
Several sequences upstream and downstream of the coding region which may be involved in regulation of cyt c2 synthesis have been highlighted. The potential ribosome binding site is underlined. It is flanked by a 7-bp direct repeat (bold italics; coordinate -22), the second unit of which overlaps the cycA start codon. Several other direct and indirect repeats are highlighted in bold italics; these are potential binding sites for trans-acting regulatory molecules. A possible stem-loop succeeded by several T's follows the coding sequence (underlined boldface; coordinate +462). This is hypothesized to be the cycA transcription terminator, since Northern blot analysis with probes downstream of this region failed to detect any cycA-specific message (data not shown).
Three short open reading frames (ORFs) are located upstream of the cycA coding sequence. ORF 1 extends from -226 to -86 and is preceded by a potential ribosome binding site (AGGAAG). ORF 2 begins at -180, with an internal ATG at -93, and is contiguous with the cycA coding sequence. ORF 3 extends from -98 to +4, with an additional in-frame ATG at -89, and its stop codon overlaps the cyt c2 start codon (ATGA). We were particularly interested in testing for translation of these ORFs since they might function in cyt c2 synthesis, especially under photosynthetic growth conditions when the longer cycA transcripts are more abundant (see below). However, we have yet to detect any gene products from this region when appropriate templates are analyzed in an R. sphaeroides in vitro transcriptiontranslation system or when this region is placed under T7 promoter control in E. coli (data not shown). If such proteins exist, they may be produced in very low amounts or require factors for synthesis or stability not found in aerobically prepared S30 extracts.
Codon usage in the sequenced region was compared with codon usage in R. sphaeroides DNA sequences known to be translated (data not shown). There was a high concentration of preferred codons and only one rare codon in the cyt c2 coding region. ORF 1 and ORF 2 on the coding strand ( Fig.  2) and ORF A and ORF B on the noncoding strand also had higher than background frequencies of preferred codons and (Fig. 1 ). The shortest fragment tested was the 787-bp NsiI-RsaI fragment, which contains only 89 bp of upstream DNA, in plasmid pC217FfQH. Doubling times of the complemented strains were approximately the same as for the wild type under both aerobic and photosynthetic growth conditions (data not shown). The fact that pC217FQH complements C2NS3 for photosynthetic growth implies that the upstream ORFs are not essential for photosynthetic growth on minimal medium, since they are missing from both the chromosome and the complementing plasmid in C2NS3(pC217FfQH). Results with pC217FfQH and pC2PH1.6 are discussed below.
Northern blot analysis. R. sphaeroides 2.4.1 produces four cycA transcripts separable on 2.5% agarose gels, of -740, 800, 847, and 900 nt (Fig. 3) . As expected, none of these are seen in CYCAl mRNA probed with the Stul fragment which was deleted in construction of this mutant. CYCAl (pC217FfQH) accumulates only the -740-nt transcript, while CYCA1(pC2PH1.6) accumulates all transcripts seen in the wild type. Results with C2NS3 were similar (data not shown).
Relative amounts of cycA mRNA in wild-type and plasmid-containing strains were determined by scintillation counting of Northern blots (Table 2) . Steady-state levels of total cycA message in the wild type are -1.6-fold higher under photosynthetic than aerobic conditions. As expected from previous results (4, 10), the 900-nt transcript (the 920-nt transcript of the earlier studies) is most affected by growth conditions. We estimate it to be -3-fold more abundant photosynthetically. Although total cycA message levels in 2.4.1(pRK415fl) are not significantly different from wildtype levels, there was an increase in the level of the 900-nt transcript aerobically and the 740-nt transcript photosynthetically. The reason for this vector effect on cycA transcription is not known. CYCA1(pC217FfQH) produces only -40% as much cycA message as 2.4.1 aerobically, and it shows no increase in cycA transcription in response to photosynthetic growth conditions. This is consistent with the earlier observation that expression of the short transcript, the only one seen in CYCA1(pC217FfQH), is not affected by oxygen (4, 10); however, the short transcript seen in the earlier studies may have been a composite of more than one cycA transcript (see below). 2.4.1(pC217FfQH) has -3-fold more total cycA message than wild-type cells aerobically, but there is no significant change from the wild type photosynthetically. There were increased levels of the 740-and 800-nt transcripts in aerobically grown 2.4.1(pC217FQH). The -4-fold increase in the 740-nt transcript under aerobic conditions is probably due to cycA transcription from the plasmid.
Total cycA mRNA levels in CYCA1(pC2PH1.6) are not significantly different from those in 2.4.1 either aerobically or photosynthetically. However, there are .2-fold increases in the 900-nt transcript aerobically and in the 900-and 800-nt transcripts photosynthetically. In 2.4.1(pC2PH1.6), there are approximately wild-type amounts of the cycA transcripts aerobically, but photosynthetic levels of all four transcripts are elevated five-to sixfold. Thus, the amount of cycA mRNA in 2.4.1(pC2PH1.6) seems to reflect plasmid copy number (estimated at five to nine in related cycA plasmids; 4) under photosynthetic but not aerobic growth conditions. It is curious that photosynthetic cycA mRNA levels are not higher in CYCA1(pC2PH1.6), given the results in the 2.4.1 background. One possibility is that while plasmid-borne copies of cycA can titrate regulatory molecules, transcription is more efficient from the chromosome, so that titration has a more marked effect in the wild-type background. There may also be regulatory or coding sequences upstream of the PstI site (or downstream of HindIll) which affect cycA transcription, or there may be a requirement for a particular DNA conformation. Since plasmid copy number was not measured in each strain, it is also possible that it is lower in the CYCAl background.
Identification of 5' ends by primer extension. Three oligonucleotides complementary to the cycA coding strand were used to map 5' ends of cycA transcripts ( Fig. 1 and 2 ). Oligo 1 hybridizes downstream of the StuI site in the cycA coding sequence. Because oligo 1 should not hybridize to transcripts from the CYCAl or C2NS3 chromosome, this primer allows us to specifically monitor cycA transcripts from the complementing plasmids. Oligo 2, which hybridizes within the cycA signal sequence, should detect transcripts from the wild-type and CYCAl chromosomes and the complementing plasmids but not from the C2NS3 chromosome. Oligo 3 hybridizes upstream of the NruI site, and it should detect transcription from the chromosomes of all three strains and plasmid pC2PH1.6 but not from pC217FfIH. In all cases, the results obtained with C2NS3 derivatives were comparable to those with CYCA1; only CYCAl will be discussed here. No 5' ends were detected in CYCAl or C2NS3 with oligo 1, or in C2NS3 with oligo 2, even after a prolonged exposure, indicating that these oligonucleotides were cycA specific (data not shown).
Six 5' ends were detected in the wild type with oligo 2, at -28, -38, -82, -137, -155, and -250 relative to the translation initiation codon (Fig. 4A) . Table 3 summarizes these data and indicates whether specific 5' ends were present at different levels in aerobic versus photosynthetic cells. Low levels of the 5' ends from -28 to -250 were visible in CYCAl when oligo 2 was used, indicating that transcripts from the chromosome are present in the deletion mutant (data not shown). Results with oligo 1 were similar to those with oligo 2 in the wild type and complemented mutants and will not be discussed further.
All of the cycA 5' ends are present in CYCAl(pC2PH1.6), implying that the cis-acting sequences required for their production are located in the 484 bp downstream of the PstI site. Only the end at -28 was detected in CYCAl (pC217FQH), so a promoter giving rise to this 5' end must be located in the 89-bp region between the NsiI site and the start of the cycA gene. The 5 (Fig. 2); in CYCAl or CYCA1(pC217FfQH), their levels are undetectably low by primer extension. The 5' ends found by primer extension are shown relative to the DNA sequence in Fig. 2 (arrowheads) . Sequences with homology to the E. coli E&70 consensus promoter (15, 17) are located upstream of the 5' ends at -28, -82, -250, and -274 (Fig. 5) . Combinations of -35 and -10 elements with consensus or near-consensus spacing can be seen for the -28 and -274 ends; however, the 14-bp spacing between the elements upstream of the -82 and -250 ends is shorter than that for consensus a70 promoters.
Assuming that all of the cycA transcripts have approximately the same 3' end, a reasonable correspondence can be established between the Northern blot and primer extension results (Table 3) . Given the uncertainty of RNA size determination on agarose gels, the spacing between the Northern blot transcripts matches fairly well with the spacing between the 5' ends. The 900-nt transcript could correspond to the 5' end at -250, the 847-nt transcript could correspond to the 5' ends at -155 and -137, the 800-nt transcript could correspond to the 5' end at -82, and the 740-nt transcript could correspond to the 5' ends at -38 and -28. If this were true, synthesis of the 847-and 740-nt species seen on Northern blots would appear to be constitutive because they are composites of reciprocally regulated transcripts. The longer transcripts seen with oligo 3, if they are cycA specific, may be present at levels too low for detection on Northern blots, Sequenc. s upstream of cycA 5' ends with homology to E. coli a70 promoters. The E. coli ar70 consensus promoter sequence (15, 17) is shown at the top, and sequences upstream of the indicated cycA 5' ends are shown below. Asterisks represent matches with the consensus sequence, and dashes represent mismatches. The spacing between each set of potential -35 and -10 elements, as well as -10 elements and transcription start sites, is shown below each sequence.
or some combination of them may contribute to the 900-nt signal.
Western blot analysis. Relative cyt c2 levels in wild-type and plasmid-containing strains were found to be comparable to relative mRNA levels (Table 2) , with two exceptions. Aerobically, CYCA1(pC217FfQH) has only 40% the wildtype level of cycA mRNA but contains wild-type levels of cyt c2. This could reflect an increase in translational efficiency or protein stability. Neither mRNA nor protein levels respond to photosynthetic growth conditions in CYCAl (pC217FfQH). This strain produces only -50% as much cyt c2 as the wild type under photosynthetic conditions but has a wild-type doubling time, implying that there is more cyt c2 in wild-type cells than is required for photosynthetic electron transport. CYCA1(pC2PH1.6) grown photosynthetically contains -1.6 times as much cycA mRNA as the wild type but -5.4 times as much protein. It is not clear why a similar phenomenon is not seen in 2.4.1(pC2PH1.6).
Brandner et al. (4) measured cyt c2 levels in wild-type and plasmid-containing strains both spectrophotometrically and antigenically. Relative cyt c2 levels in the aerobically grown plasmid-containing strains are similar in the two studies, but our photosynthetic levels are somewhat lower. It was hypothesized previously that there might be posttranscriptional regulation of cyt c2, since cyt c2 levels increased more than cycA mRNA levels under photosynthetic conditions. We see evidence for this in CYCA1(pC2PH1.6), which has a cyt c2/mRNA ratio of 1.3 aerobically and 4.6 photosynthetically, but not in the other strains that we tested. It should be pointed out that the anti-cyt c2 serum used in the two studies was raised against different lots of purified cyt c2. The antibody used in this study gave rise to considerably less nonspecific background (3b) . Furthermore, protein samples in this study were solubilized at 37 rather than 85°C because DISCUSSION In this report we have shown there are at least two functional cycA promoters in R. sphaeroides. The transcript beginning at -28 relative to the translation initiation codon can be produced from a plasmid with only 89 bp of upstream cycA DNA, indicating that a cycA promoter must be located downstream of the NsiI site. This transcript is more abundant aerobically than photosynthetically in the wild type. The 5' end of this transcript is preceded by a DNA sequence with some homology to E. coli c70 promoters.
There must be at least one other cycA promoter to account for the additional 5' ends seen in 2.4.1 and CYCAl (pC2PH1.6). We do not known whether all of these represent primary transcripts or whether some of them are the result of RNA processing or degradation. Low-resolution S1 nuclease analysis has identified cycA 5' ends corresponding roughly to those mapped by primer extension at -28, -38, -82, -137, -250, -274, and -300 (data not shown). Therefore, the multiple cycA 5' ends are not all artifacts of reverse transcriptase stalling. Four of the upstream 5' ends (-38, -155, -250, and -300) are more abundant photosynthetically, while one (-137) is more abundant aerobically. The simplest explanation for this pattern, and for the increased steadystate levels of cycA message on Northern blots under photosynthetic growth conditions, is that there is at least one upstream cycA promoter which is more active in photosynthetically grown cells. However, although the half-lives of all cycA transcripts appear to be the same in aerobic cells (34a), we cannot rule out differential stability of the cycA transcripts under anaerobic conditions. cycA mRNA levels were measured in an earlier study by both densitometry and scintillation counting of Northern blots probed with the same StuI fragment used here except that nick-translated DNA rather than in vitro transcribed RNA was used (4). The complementing plasmids used, pC2P404.1 and pC2P404.2, are pRK404 derivatives with a 2.7-kb PstI cycA fragment which includes -0.8 kb more downstream DNA than does the PstI-HindIII fragment in pC2PH1.6 (Fig. 1) . Results with the wild type agree fairly well between the two studies, although the photosynthetic/ aerobic ratio of cycA transcripts is somewhat lower in this study. If one assumes the 740-nt transcript in the earlier studies includes the 740-, 800-, and 847-nt species that we measured, the ratio of the small to large transcripts is also fairly consistent. However, while 2.4.1 and CYCAl bearing plasmids containing the 2.7-kb cycA PstI Given the essential role of cyt c2 in photosynthetic electron transport in R. sphaeroides (11), it is not surprising to find that cycA transcription increases under anaerobic conditions when synthesis of the photosynthetic membrane is induced. Transcription of genes encoding other photosynthetic membrane components is oxygen regulated in R. sphaeroides (9, 43) , R. capsulatus (1, 2, 14, 40, 41, 44) , and Rhodospirillum rubrum (3), and in most cases these operons appear to have multiple promoters. Several of them produce a short, relatively constitutive transcript and a long, oxygenregulated one. Although this may reflect the existence of upstream oxygen-regulated promoters, we have not seen significant sequence homology between the region upstream of the oxygen-regulated cycA transcripts and sequences upstream of oxygen-regulated transcripts for other photosynthetic genes.
At least one other oxygen-regulated prokaryotic operon produces a large number of transcripts with different 5' ends. In E. coli, transcription of the pyruvate formate-lyase gene (pfl) is induced by anaerobiosis, pyruvate, and nitrate and is fully induced only in the presence of the anaerobic regulatory protein Fnr. There are at least six coordinately regulated pfl transcripts (33) . Each 5' end is preceded by a sequence with some homology to Ecru promoters, but the homology in most cases is weak. Despite this, all six transcripts were produced by E. coli Eu70 in vitro and by Pseudomonas putida in vivo (34) . It is tempting to speculate that the transcriptional complexity of pfl is related to the number of environmental signals that regulate its expression. In this regard, it will be interesting to define the number of cycA promoters and test whether cycA transcription responds to environmental factors other than oxygen.
Although it has generally been assumed that promoter structure in organisms with high guanosine-plus-cytosine content such as R. sphaeroides would be different from that in E. coli, we have noted sequences with homology to E. coli Eur" promoters upstream of four of the cycA 5' ends.
Sequences similar to the E. coli Eu70 consensus promoter have been noted in other high-G+C bacteria as well, and in some cases these elements have been shown to have promoter activity. For example, there is weak Eu70 promoter homology before the downstream 5' end produced from the Rhodospirillum rubrum puh operon and weak EU54 homology before the upstream 5' end. A cloned downstream puh operon fragment allowed expression of a promoterless chloramphenicol transferase gene in E. coli, while a cloned upstream fragment did not. E. coli Eu70 promoter-like sequences were noted preceding the streptomycin (str) operon 5' end and the more downstream of the two spectinomycin (spc) operon 5' ends in Micrococcus luteus (28) . Identical 5' ends were seen when the str and spc operons were transcribed in vitro with partially purified M. luteus RNA polymerase or E. coli Eu70. There are also E. coli a70 promoter-like sequences upstream of the Desulfovibrio vulgaris rubredoxin (rub) operon, and a transcript of approximately the expected size was seen when the gene was expressed in E. coli (5) .
In contrast, although the 5' ends of the Caulobacter crescentus trpFBA operon and major surface array gene transcripts are preceded by sequences similar to Eu70 promoters, they are not detectably produced in E. coli (13, 32, 37) . A simple explanation for the poor transcription of at least some high-G+C promoters in E. coli is that this heterologous host lacks trans-acting factors required for either promoter recognition or activation. Alternatively, transcription of these genes may be deleterious in E. coli.
If the R. sphaeroides cycA operon has EU70-like promoters, in some cases the spacing between their -10 and -35 elements is unusually short. While spacing of 17 or 18 bp between the -10 and -35 regions is conserved in E. coli (15, 17) , a canonical -35 region is not required for all Eu70 promoters. One class requires instead the sequence TGN immediately preceding the -10 hexanucleotide (reviewed in reference 30) . No such sequence precedes any of the putative cycA -10 elements. In addition, a wide range of random sequences allow transcription of the pBR322 tet gene in E. coli when they are inserted in place of the -35 sequence (18, 19) . The strength of these artificial promoters does not correlate with their consensus agreement, nor is it clear what features are important for their function. Finally, many promoters which require positive activators have -35 elements significantly different from the consensus sequence.
The absence of Eu70 promoter-like elements upstream of some of the cycA 5' ends, if they represent primary transcripts, may reflect the use of an alternate ur factor for these promoters. A number of bacterial species have been shown to have alternate forms of RNA polymerase with a factors which allow them to recognize different promoters (reviewed in reference 6). RNA polymerase from aerobically and photosynthetically grown R. sphaeroides contains a, ,3, and f' subunits which cross-react with antibody to E. coli Cu70 holoenzyme and a C factor which reacts with antibodies to both E. coli cr70 holoenzyme and u70 (20) . A fifth component, e, found only in RNA polymerase purified from photosynthetically grown cells, reacted with antiholoenzyme antiserum. More experiments are needed to show whether R. sphaeroides has multiple forms of RNA polymerase with different promoter specificities.
In summary, we have shown that there are at least two functional promoters for cycA. The downstream promoter appears to be expressed more strongly in chemoheterotrophically growing cells, and the upstream promoter(s) is expressed more strongly in photoheterotrophically growing cells. We are currently constructing deletion and insertion mutations in the upstream region to determine where regulatory regions for the different transcripts are located and how their function is regulated by oxygen.
